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Abstract
I-V characteristics of polycrystalline Y1-xCaxBa2Cu3O7-δ samples (x=0.025 and 
0.20) have been measured at different temperatures and magnetic fields in the range 0.1
T-6.9 T. The scaling behavior has been established for both samples at all magnetic 
fields. The dynamic exponent z displays some morphology dependence with higher value 
for small grain size sample Y0.8Ca0.2Ba2Cu3O7-δ. The static exponent ν has been 
determined from ρ vs. T dependence at given magnetic field. The critical exponents are 
field independent with one only exception (ν - for Y0.975Ca0.025Ba2Cu3O7-δ sample). This
is connected with the special interrelation between the vortex correlation length, ξ, and 
intervortex spacing α (ξ ≤ α) at all magnetic fields above Tg for this sample and its better 
pinning.
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Introduction
Flux lines are induced by the 
penetrating magnetic field in 
superconductors in the mixed state 
(H>Hc1). As a result of repulsive 
intervortex interactions a regular 
Abrikosov vortex lattice is formed, 
similar to the crystal lattice in solids. In 
perfect superconductors the lattice will 
have a nonzero resistivity due to flux 
flow. However in real ceramic 
superconductors with high critical 
temperature, Tc, thermal fluctuations 
exert a strong influence on the vortex 
dynamics. Small coherent length, 
disordered pinning, anisotropy and 
sample dimensionality also have
important contributions [1]. According 
to the Kim – Anderson theory [2] vortex 
lines move by thermal activation across 
the energy barriers caused by the pinning 
centers. A finite resistivity ρ~exp(-U/kT) 
appeared due to the vortex motion, 
where U is the height of pinning barrier. 
For low temperature superconductors 
U/kT is large and ρ is insignificant 
(except close to the Hc2 line). For high-
Tc superconductors U/kT is not 
sufficient to prevent thermally assisted 
flux creep and nonzero resistance 
(except at T=0). This concept is in 
consistency with experimentally
observed upward curvature of current-
voltage (I-V) characteristics, but can not 
explain the downward one at lower 
temperatures.
In HTS the flux line lattice is 
more disordered than in classical 
superconductors due to the small 
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coherence length comparable to the 
atomic scale. Consequently a large 
number of pinning centers is 
characteristic for them [3]. In such a
bulk disordered system a second order 
phase transition and a sharp equilibrium 
phase boundary between vortex-glass 
and vortex-liquid thermodynamic phases 
were proposed to exist [3-6]. The vortex-
glass phase posses zero linear resistivity 
ρlin=(E/J)J→0=0 and is regarded as “true” 
superconductor in contrast to the flux 
creep theory, where finite ρlin is 
expected. The obtained negative 
curvature of I-V dependences at lower 
temperatures is associated with the 
vortex-glass phase response.
In epitaxial YBCO thin films at 
large fields a second order phase 
transition has been observed at given 
temperature Tg [4]. According to [6] the 
best evidence of a true phase transition 
near Tg is the scaling behavior existence.
The I-V isotherms should collapse into 
two master curves above and below Tg, 
representing the liquid and glass states of 
the flux lines. The vortex correlation 
length, ξ and relaxation time τ in the 
vortex glass state are the quantities 
diverging at the transition temperature 
Tg according to the relations:
  gTT   and   z  ,       (1)                                                               
where ν and z are the static and dynamic 
exponents, respectively. The vortex-
glass-vortex-liquid phase transition is 
analyzed using the scaling relation [3]:
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where J is the current density, E is the 
electric field, D is the dimensionality of 
the system under consideration and ε±
are the scaling functions above and 
below the glass transition temperature 
Tg. After determining the proper value of 
Tg(H) and critical exponents from the 
experiment the scaling should be 
provided. Following the described 
analysis experimental results of different 
samples have been scaled. In particular,
the vortex glass transition has been 
observed in YBCO thin films [4, 7], 
single crystals [8] and polycrystalline 
samples [9, 10], in Bi-2212 and Bi-2223 
single crystals [11, 12], thin films [13]
and Bi2223/Ag tape [14].
It is important to mention that 
examination of the vortex dynamics in 
HTSC is essential not only from 
fundamental but from practical point of 
view as well. The vortex movement 
generates dissipation in type II 
superconductors, which should be 
controlled on the lowest possible level 
when the practical application of these 
materials is considered. The vortex-
glass-vortex-liquid transition was
provided in Ag-sheathed Bi-2223 tapes 
and critical scaling collapse was 
observed [14].
In this study we investigate I-V 
characteristics of Ca substituted 
polycrystalline Y1-xCaxBa2Cu3O7-δ
samples. Recently non-power low I-V 
dependences have been observed in 
similar samples [15]. Experiments have 
been carried out at very small magnetic 
fields (up to 20 Oe) and only 
intergranular flux pinning is probed. We 
used higher magnetic fields in the range
0.1 T – 6.9 T, when the intragranular 
pinning is active. Chemical substitution 
is a successful method for pinning 
centers generation in HTS. The 
substituted atoms produced nanoregions 
in the material with suppressed Tc, and
may serve as effective intragranular 
pinning centers [16, 17]. In particular, it 
has been shown that a small quantity of 
Ca (2-4%) increases the pinning in Y1-
xCaxBa2Cu3O7-δ samples [17-19]. The 
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accompanying effect of oxygen vacancy 
creation, especially in CuO2 planes 
should be also important for pinning. It 
is known that Ca substitution leads to 
finer grain structure crystallization in
polycrystalline RBa2Cu3O7-δ samples 
[15, 17] and ruthenocuprates as well 
[20]. But the interrelations among the 
average distance between the vortex 
lines (α = (Φ0/H)1/2), the vortex 
correlation length, ξ and grain size in the 
sample are important for the vortex-
glass-vortex-liquid phase transition. The 
above discussed characteristics of Ca 
substituted samples make them different 
from the YBCO polycrystalline 
specimens. Establishment of scaling 
behavior in them will confirm the 
method generality and will show that 
overdoped Ca substituted samples in 
spite of their peculiarities present no 
exception.
Materials and Methodology
Two polycrystalline samples 
with different amounts of Ca substitution 
(Y0.975Ca0.025Ba2Cu3O7-δ and 
Y0.8Ca0.2Ba2Cu3O7-δ) have been 
investigated. They are prepared by the 
solid state reaction method from high 
purity Y2O3, BaCO3, CuO and CaCO3
powders. The obtained mixture was 
ground. The grinding and heating steps 
were repeated three times. The first step
was calcination at 925 ºC in flowing 
oxygen for 23 hours. During the second 
step samples were heated to 930 ºC for 
23 hours, followed by slow cooling (2 
ºC/min) and additional annealing for 2 
hours at 450 ºC in flowing oxygen. 
Tablets were pressed before the third 
synthesis in oxygen at 950 ºC for 23 
hours, annealed at 450 ºC  for 48 hours 
and finally slow cooled to room 
temperature.
The crystal structure of the
obtained specimens was examined by X-
ray Powder Diffraction System STOE 
with Cukα radiation (λ=1.5405 A) at 
room temperature. The diffraction 
patterns were taken in the range 
10º<2θ<120º with a scan step 0.03º.
The samples microstructure was 
investigated by SEM Philips 515.
The transport measurements 
were performed on Quantum Design 
PPMS. In order to prevent the sample 
from Joule heating effect the DC current 
was applied for a very short time - 0.002 
sec. Thick current leads have been used, 
soldered to the sample’s surface on big 
spots. The boundary values for I, V and 
power have been specified and the 
measurement was impossible in case that 
some of these values were exceeded. 
The voltages were detected with an error 
of several nanovolts. The applied 
magnetic field was perpendicular to the 
current direction. Sample dimensions 
were S= 0.116x0.211 cm2, L=0.420 cm 
for sample with x=0.025 and S= 
0.184x0.283 cm2, L= 0.340 cm for 
sample with x=0.20, where L is the 
distance between the voltage leads. The 
electric field E, current density J and 
resistivity ρ have been found according 
to the relations: E=V/L; J=I/S and ρ=E/J.
The values of the critical current, 
J0, were obtained by the E-J
characteristics at given temperature 
according to the offset criterion. The 
tangent was drawn to E-J curve at 
interception point with the electric field 
criterion 10 μV/cm. The critical current 
is determined as the current where this 
tangent extrapolates to zero electric 
field.
Two types of measurements 
have been performed: resistivity vs. 
temperature and I-V curves at constant 
temperatures. Both measurements were 
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done at different magnetic fields ranging 
from 0.1 T to 6.9 T. The values of the 
magnetic field chosen for any sample 
have been determined by previous 
investigations of irreversibility line 
performed by AC magnetic
susceptibility measurements [21].
Results and Discussion
On the Fig.1 (a, b) XRD patterns 
and SEM images are presented for 
samples with x=0.025 and x=0.20 
respectively. The X-ray analysis showed 
that both samples have orthorhombic 
crystal structure without impurity phases 
in the limit of method accuracy. SEM 
investigations for Y0.975Ca0.025Ba2Cu3O7-
δ sample showed good crystallization
with elongated grains and average grain 
size about 10 μm. For 
Y0.8Ca0.2Ba2Cu3O7-δ sample grains with 
irregular shape and smaller average 
dimensions (about 5 μm) are observed.
The onset of critical temperature has 
been determined from temperature 
dependence of AC magnetic 
susceptibility at low field amplitude
1.10-5 T ( 0.1 Oe) and frequency f=1000 
Hz. For the sample with x=0.025 
Tconset=90.6 K and it is smaller when 
compared with no substituted YBCO.
For the other sample with x=0.20 as a 
result of large Ca amount a significant 
reduction of critical temperature is 
observed and Tconset=81.1 K.
The transport measurements have 
been performed for wide temperature 
range at an interval of 1K at fixed 
magnetic fields. On the Fig.2(a, b) the ρ-
J curves in double logarithmic scale are 
presented for both samples measured at 
the same magnetic field of 0.1 T. The Tg
temperature is also indicated. The 
negative curvature of ρ-J isotherms at 
T<Tg is a signature of vortex-glass phase 
existence in both samples. The vortex 
correlation length (ξ) has been estimated 
Fig.(1). X-ray powder diffraction patterns and scanning electron micrographs for (a)
sample Y0.975Ca0.025Ba2Cu3O7-δ and (b) sample Y0.8Ca0.2Ba2Cu3O7-δ with magnification 
5000 and marker length 10 μm.
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by using the relation [3]
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where J0 is the critical current at T<Tg, k 
is the Boltzmann constant and D=3. For
a sample with x=0.025 at T=81 K 
(Tg=85 K) the critical current has been 
determined to be 4.5.104 A/m2 and the 
correlation length is about 3.5 μm. For 
Fig.(2). ρ-J isotherms at 0.1 T magnetic 
field for (a) sample
Y0.975Ca0.025Ba2Cu3O7-δ at the 
temperature interval 78-87 K and (b) 
sample Y0.8Ca0.2Ba2Cu3O7-δ at 
temperature interval 62 K-69 K at an 
interval of 1K. The isotherm at transition 
temperature is specially indicated.
the other sample with x=0.20 the critical 
current at T=62 K (also 4 K lower than 
Tg=66 K) is 6.10
4 A/m2 and the 
corresponding ξ value is found to be 
~2.7 μm. At this field (0.1 T) inter-
vortex spacing is found to be ~14.4 μm, 
which is about 4 -5 times higher than 
obtained ξ values confirming the 
presence of vortex-glass phase below Tg.
Samples’ dimensionality is a 
question under discussion [4, 22]. A 3D 
phase transition is accepted in a finite 
temperature range around the transition 
temperature when analytical treatments 
of layered system are made. Thus at Tg
layers are coupled at all length scales, 
but start to become decoupled at higher 
temperatures [22]. 
According to the model at phase 
transition temperature a power-low 
behavior is expected between voltage 
and current E(J, T=Tg) ~J
(z+1)/(D-1) or ρ(J, 
T=Tg) ~ J
(z-1)/(D-1)  [6]. The latter
dependence was used for the 
determination of critical exponent z. The 
obtained results for both samples for all 
magnetic fields are summarized in the 
Table 1.
It is seen from the Table 1 that 
the dynamic scaling parameter is 
determined within an error range of 1-2 
%. z is also magnetic field independent 
for both samples in consistency with the 
vortex-glass model [3, 5].
Investigations of polycrystalline 
YBCO samples with different grain size 
show some morphology dependence of z 
establishing the larger z values for the 
samples with smaller grain size [10]. 
The exact values obtained for the YBCO
at 0.1 T magnetic field are Tg=80.8 ±0.2 
K and z=3.4 ± 0.33 for a sample with 
average grain size 6.3 μm and Tg=85 
±0.25 K and z=3 ± 0.4 for sample with 
average grain size 15.75 μm. Our results
for the same field are in consistency with
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Table1. Summary of critical exponent z and ν and vortex-glass-vortex-liquid 
transition temperature Tg for both samples in selected magnetic fields, H.
Sample H (T) Tg (K) z ν
Y0.975Ca0.025Ba2Cu3O7-δ 0.1 85 1.84 ± 0.01 0.86 ± 0.03
0.6 83 1.56 ± 0.01 0.81 ± 0.01
1.69 79 1.62 ± 0.01 1.40 ± 0.01
4.14 76 2.02 ± 0.02 1.58 ± 0.03
6.9 73 2.04 ± 0.01 1.94 ± 0.02
Y0.8Ca0.2Ba2Cu3O7-δ 0.1 66 3.12 ± 0.01 0.76 ± 0.03
1.25 62 2.98 ± 0.02 0.82 ± 0.02
2.69 61 2.48 ± 0.02 0.94 ± 0.01
4.14 59 2.79 ± 0.01 0.95 ± 0.01
6.9 56 3.11 ± 0.02 0.96 ± 0.05
these previously reported data when the 
peculiarities of the samples have been 
accounted.
First: comparing the z values for 
two investigated samples it was 
established that the sample with the 
smaller grains (Y0.8Ca0.2Ba2Cu3O7-δ) has 
the larger z (~ 3), while the sample with 
the larger grains (Y0.975Ca0.025Ba2Cu3O7-
δ) shows smaller z (≤ 2). This confirms 
previously reported morphology
dependence of dynamic exponent z [10].
Second: comparison of z values for Ca 
substituted and non substituted YBCO 
samples [10] showed that substituted 
samples have smaller z values for the 
similar grain size and magnetic fields 
range. The z suppression is more 
pronounced (about 1) for the 
Y0.975Ca0.025Ba2Cu3O7-δ sample, while 
for Y0.8Ca0.2Ba2Cu3O7-δ it is only several 
tenths. The reduction of the z exponent 
indicates that the vortex relaxation time 
is enhanced and confirms the improved 
pinning in Ca doped samples in 
comparison with non-substituted. On the 
other hand our previous investigation 
confirms that the pinning in sample with 
x=0.025 is better than in YBCO [21, 23]. 
For Y0.8Ca0.2Ba2Cu3O7-δ sample the 
effect is smaller and combined with the 
significantly suppressed Tg moves its 
irreversibility line below the YBCO..
Following the model predictions,
the region of constant resistivity (ρlin) at 
small current density is investigated 
above Tg(H). The resistivity should 
vanish at Tg(H) according to the relation 
ρJ→0 ~ (|T-Tg|/Tg)ν(z-1). The experimental 
ρ vs. T dependences at different 
magnetic fields, have been plotted as ρlin
against (T-Tg)/Tg on a log-log scale. The 
plot is linear in the critical regime with a 
slope ν(z-1). Thus the ν value has been 
determined when the z is known. On 
Fig.3(a, b) the ρ vs.(|T-Tg|/Tg) 
dependences measured at small current 
(20 mA) at all magnetic fields are 
presented for both samples. The ν values
are obtained with an error of 1-5% and
listed in Table 1. ν is almost field 
independent for Y0.8Ca0.2Ba2Cu3O7-δ in 
consistency with the model predictions. 
More frequently it is close but smaller 
than 1. For comparison ν is 1.13-1.15 at 
0.1 T for the previously discussed 
polycrystalline YBCO samples [10]. For 
sample with x=0.025 ν is in the range 
0.86 -1.94 and increases more than 2 
times when the field grows from 0.1T to 
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6.9 T. The static exponent is related to 
Fig.(3). Low-current resistivity ρlin as a 
function of (T-Tg)/Tg for: (a) sample
Y0.975Ca0.025Ba2Cu3O7-δ and (b) sample 
Y0.8Ca0.2Ba2Cu3O7-δ, at different 
magnetic fields in the range from 0.1 T 
to 6.9 T.
the vortex correlation length. Their 
possible field dependence is connected 
to its suppression to a value smaller than 
the distance between the vortices [4, 24]. 
We determine the ξ at temperatures 2K 
higher than Tg according to the relation 
(3), where J is the current density at 
which the resistivity starts to deviate 
from its constant, low-current value. For 
sample with x=0.20 at the highest field 
(6.9 T) ξ>α. However, for the other 
sample ξ≈α at the highest field (6.9 T)
and ξ<α at all other fields.  This 
difference could be the reason for a non 
identical behaviour of ν scaling 
parameter in both samples.
Using the presentation on Fig.3,
the width of temperature interval (ΔT) 
where the critical regime develops for 
given field is determined. It is found that 
this temperature interval is expanded
when the magnetic field increases for 
both samples. However, critical regime 
persists at ΔT=1 K for sample 
Y0.975Ca0.025Ba2Cu3O7-δ, while ΔT =4 K 
for Y0.8Ca0.2Ba2Cu3O7-δ at H=0.1T. At 
higher fields this difference became 
larger. For example: ΔT=7 K for sample 
with x=0.025 and ΔT=11.5 K for sample 
with x=0.20.
These measurements have been 
used also for another independent 
determination of Tg value. For both 
samples and all magnetic fields we 
found good coincidence with the values 
determined from logρ-logJ and ρ(T) 
dependences. It is found that Tg
decreases when the magnetic field 
increases for both samples.
On Fig.4(a, b) the scaling 
behavior for both samples is presented. 
Fig. 4a shows the data collapse for 
sample Y0.975Ca0.025Ba2Cu3O7-δ at 0.6T 
magnetic field. It presents a typical 
scaling behavior for both samples at low
magnetic fields. Fig. 4b presents the 
result for sample Y0.8Ca0.2Ba2Cu3O7-δ at 
4.14 T. The E-J isotherms measured at 
temperatures T>62K scales parallel to 
the x axis demonstrating that J 
independent Ohmic regime has been 
reached at this conditions. Similar 
observations are typical for both samples 
at high magnetic fields where the Ohmic 
regime is revealed at temperatures close 
to Tg. Observation of scaling behavior is 
a conformation of the second order 
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phase transition in the investigated 
samples.
Fig.(4). Scaling collapse of E-J data for 
sample: (a) Y0.975Ca0.025Ba2Cu3O7-δ at 
0.6 T in the temperature interval 70-87 K 
and (b) Y0.8Ca0.2Ba2Cu3O7-δ at 4.14 T in 
the temperature interval 54-63 K.
Conclusion
The scaling collapse of the E-J 
data in Ca substituted samples was 
established, similar to the other 
polycrystalline YBCO samples. 
Previously observed morphology 
dependence of dynamic exponent z was 
confirmed. The obtained critical 
parameters are field independent with
one exception: ν for 
Y0.975Ca0.025Ba2Cu3O7-δ, which is 
connected with the special interrelation 
between the vortex correlation length 
and intervortex spacing (ξ ≤ α) for all 
magnetic fields above Tg. For Ca 
substituted samples the z values are
smaller than usually reported for non 
substituted YBCO. The reasonable 
explanation of this fact is the better 
pinning, which has been established 
earlier independently [21, 23]. 
Comparison of dynamic exponents for 
Ca substituted samples shows better 
pinning in Y0.975Ca0.025Ba2Cu3O7-δ,
resulting in enhanced relaxation time 
and narrow critical region.
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